Abstract: New nonperipherally and peripherally tetrasubstituted zinc(II) phthalocyanine complexes containing 1-benzylpiperidin-4-ol groups and their quaternized derivatives are reported in this work. These complexes were characterized successfully and their photophysical and photochemical properties were studied. These properties were determined in dimethylsulfoxide for all studied complexes and in water and water + Triton X-100 solutions for ionic Zn(II) phthalocyanines. All studied zinc(II) phthalocyanine complexes generated high singlet oxygen, especially in dimethylsulfoxide, and these properties make them potential photosensitizers for use in the photodynamic therapy of cancer. The effects of the position and quaternization of the substituents on the photophysical and photochemical properties were also examined. The fluorescence of the tetrasubstituted zinc(II) phthalocyanine complexes is effectively quenched by addition of 1,4-benzoquinone. Furthermore, the water soluble Zn(II) phthalocyanines can bind to bovine serum albumin, which is a blood plasma protein.
Introduction
Phthalocyanines (Pcs) are a strategic class of second generation photosensitizers for photodynamic therapy (PDT) due to their high absorption at long wavelength, photoresistance, long excited triplet lifetime, higher singlet oxygen production, and ready clearing from the body once administered.
1,2 To date, second-generation photosensitizers such as phthalocyanines have been introduced into PDT in research and clinical trials.
3,4
PDT is an alternative treatment method for cancer that involves the use of light in combination with a photosensitizer drug to produce singlet oxygen. 5 It enables selective treatment of the target malignant tumors because of favorable accumulation of photosensitizer. The light irradiation of tissue causes simultaneous excitation of the dye itself. The excited singlet state dye changes its spin to triplet state by intersystem crossing (ISC) and transfers the energy to oxygen molecules to generate highly reactive singlet oxygen. Following this, these cytotoxic reactions are concluded to damage the cancer cells.
6,7
Because of the hydrophilic system of blood, water solubility is very important in drug injection. 8 Beside the water solubility, higher singlet oxygen generation is another important factor for dyes in PDT applications.
Diamagnetic ions (Zn 2+ , Ga 3+ , and Si 4+ ) enhance the singlet oxygen quantum yield and Pcs containing these ions in its cavity have been extensively investigated for PDT.
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Bovine serum albumin (BSA) is one of the most widely studied groups of proteins due to the structural similarity with human serum albumin. 12 Serum albumin, the most abundant protein in the plasma, has a high ability to bind reversibly a large variety of compounds and determines the distribution of many drugs in the circulatory system. 13−15 It has been used to as an effective carrier for photosensitizers and anticancer drugs to improve selectivity. 16 The target of this search is to obtain water-soluble ZnPc complexes for potential application in PDT. In this paper, the preparation of 1-benzylpiperidin-4-ol substituted nonionic (6 and 7) and ionic (8 and 9) zinc(II) phthalocyanines and investigation of their photophysical and photochemical properties are presented.
The binding of the studied zinc(II) phthalocyanine complexes (8 and 9) to BSA protein was also investigated using fluorescence spectroscopy.
Results and discussion

Synthesis and characterization
The synthetic pathway of the synthesis of new Zn(II)Pcs (6, 7) and their quaternized derivatives (8, 9 ) is given in Schemes 1 and 2, respectively. Compound 5 was synthesized according to the literature procedure and the substituted phthalonitrile derivative (4) was obtained by the reaction of compound 1 with compound 2. 17 The substituted ZnPc complexes (6, 7) were obtained by treatment of related phthalonitrile derivatives (4 and 5)
with anhydrous Zn(CH 3 COO) 2 in dry n-pentanol (Scheme 1). 18 The TLC was used for the purification of the crude products. Cationic ZnPcs (8 and 9) were obtained by the reactions of dimethylsulfate and compounds 6 and 7, respectively (Scheme 2). 19 The unsubstituted Pc is not soluble in organic solvents or in water. The synthesized nonionic zinc (II) Pc complexes are soluble in most organic solvents and their quaternized cationic derivatives are soluble in water as well. The structures of these novel compounds were characterized by FT-IR, 1 H NMR, UV-Vis, and 13 C NMR spectroscopy; MALDI-TOF mass spectra; and elemental analysis. All spectral data were consistent with the proposed structures.
The FT-IR spectrum showed the formation of 4 with the appearance of vibration bands at 2223 (C≡ N), 1283 cm −1 (Ar-O-C). In the 1 H NMR spectrum of compound 4, the proton signal of the OH group of compound 1 disappeared as expected. In the 13 C NMR spectrum of 4, the signals of nitrile carbon atoms were observed at δ = 115.33, 115.22 ppm. The mass spectrum of compound 4 showed a molecular ion peak at m/z = 318.13
In the IR spectra of compounds 6 and 7, the vibrations of the nitrile groups of compounds 4 and 5 disappeared. The 1 H NMR spectra of the ZnPcs (6, 7) were obtained as expected ( Figure S1 is given as an example for compound 7). In the mass spectra of compounds 6 and 7, the ion peaks were at 1335.91 Figure S2A ) and m/z = 1335.31 [M + H] + ( Figure S2B ), respectively.
After reactions of zinc(II) phthalocyanines (6 and 7) with dimethylsulfate, the obtained quaternized cationic complexes were highly soluble in water. In the FT-IR spectra of 8 and 9, strong vibrations at 1325 
Ground state electronic absorption and fluorescence spectra
The electronic spectra of ZnPcs (6-9) showed sharp single Q bands in the visible region as a result of the monomeric behavior of typical metallated phthalocyanine complexes in DMSO (Table 1) . Substitution of phthalocyanines at nonperipheral positions causes a bathochromic shift in the Q band.
20,21
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When the results of the UV-Vis measurements of nonperipheral (6 and 8) and peripheral (7 and 9) tetrasubstituted ZnPc complexes are compared, the Q bands of compounds 6 and 8 are red shifted about 22 nm compared to compounds 7 and 9 in DMSO ( Figure 1 ; Table 1 ). For the nonperipherally substituted Pc complexes 6 and 8, the substituents are closer to the ring and therefore they lead to greater destabilization of the a 1 u orbitals (HOMO) and result in larger bathochromic shifts. Aggregation of MPc complexes is due to coplanar association of the rings progressing from monomer to dimer. 27 In DMSO, all complexes were monomeric and they did not show any aggregation. Beer's law was obeyed for the concentration range between 2.0 × 10 −6 and 1.2 × 10 −5 M (Figure 2 , for complex 7 as an example). Complex 8 showed a small aggregation in water while it did not show aggregation in DMSO. Even after the addition of Triton-X 100, which is a surfactant used for the breaking of aggregates of complex 8, there was no significant change in the UV-spectra ( Figure 3A ). In water, the absorption spectra of complex 9 showed cofacial aggregation as judged by the nonvibrational peak at around 640 nm ( Figure 3B ). Complex 9 exhibited completely monomeric behavior with the addition of a small amount Triton-X 100. The Q band position of 9 in water (685 nm, in the presence of Triton-X 100) is almost the same as that in DMSO ( Figure 3B ). As the example of the studied ZnPc complexes, the absorption, fluorescence emission, and excitation spectra of complex 7 in DMSO are given in Figure 4 and the fluorescence emission data are given in Table  1 . All studied ZnPc complexes (6-9) have similar fluorescence behavior in DMSO. For all ZnPc complexes, the fluorescence spectra were observed as mirror images of both the absorption and the excitation spectra, and the excitation spectra were similar to the absorption spectra in DMSO. The complex 9 did not show fluorescence emission in water due to the aggregation of this complex in this solvent. The aggregation reduces the photoactivity of molecules through dissipation of energy and so aggregated MPc complexes do not display fluorescence properties. 28 The addition of the Triton-X 100 increased the intensity of the emission peak of complex 9 in water ( Figure 5 ). 
Fluorescence quantum yields and lifetimes
The obtained values of photophysical parameters for complexes 6-9 in DMSO, water, and water + Triton-X 100 are given in Table 2 . In both DMSO and aqueous solutions (water and water + Triton X-100) the fluorescence quantum yield ( Φ F ) values of ZnPc complexes 7 and 9 are higher than those of ZnPc complexes 6 and 8, indicating that quenching of the excited singlet state by peripheral substitution is not as much as by nonperipheral substitution. 19 The Φ F values of the studied ZnPc complexes are lower than those of standard Zn(II)Pc in DMSO, which suggests that 1-benzylpiperidin-4-ol substituents quench fluorescence. Quaternized
ZnPc complexes (8 and 9) exhibited lower Φ F values with respect to concerning nonionic ZnPc complexes (6 and 7) in DMSO, indicating that cationic ZnPcs are better fluorescence quenchers than nonionic derivatives. Comparing DMSO and water as solvents, complexes 8 and 9 had more fluorescence in DMSO as a result of their lower aggregation tendency. Addition of Triton-X 100 to the water solutions of complexes 8 and 9 increased the Φ F values of these complexes ( Table 2 ).
The τ F values are longer for the peripherally substituted complexes (7 and 9) than their nonperipherally substituted analogues (6 and 8) in both DMSO and water + Triton-X 100. Fluorescence lifetime values of the quaternized complexes (8 and 9) increased with addition of Triton-X 100 with respect to the increasing fluorescence quantum yield due to the reduction of aggregation. For all studied complexes, the τ F values are lower than those of standard ZnPc in DMSO. In contrast to the τ F values, the natural radiative lifetimes (τ 0 ) of the MPc complexes (6-9) are higher than those of standard ZnPc. Larger τ 0 values were observed for the quaternized zinc Pc complexes (8, 9) compared to the nonionic zinc Pc complexes (6 and 7) in DMSO. The rate constants for fluorescence (k F ) values follow the same trends as their respective quantum yields ( Φ F ).
Complexes 7 and 9 showed larger k F values than their corresponding nonperipherally substituted analogues (6 and 8) in DMSO ( Table 2) . Table 2 . Photophysical and photochemical data of standard and studied ZnPcs. 
Singlet oxygen quantum yields
The amount of singlet oxygen produced by the excited dye is expressed by singlet oxygen quantum yield ( Φ ∆ ). Singlet oxygen is formed by energy transfer from the triplet state of a photosensitizer to ground triplet state oxygen. Singlet oxygen producibility is the most consequential parameter of PDT.
For the determination of the Φ ∆ values, 1,3-diphenylisobenzofuran (DPBF) and 9,10-antracenediylbis(methylene)dimalonoic acid (ADMA) were used as singlet oxygen quenchers in DMSO and aqueous solution, respectively. The decreasing of the absorbance of these quenchers by light irradiation was monitored in their absorption spectra ( Figure 6 , as an example for complex 8 in DMSO and water solutions). The Φ ∆ values of all ZnPc complexes (6-9) were determined in both DMSO (for 6 and 7) and in aqueous solutions (for 8 and 9) and are given in Table 2 . The Φ ∆ values of the studied ZnPcs are higher than those of standard ZnPc except for complex 7 in DMSO and the nonperipherally substituted complexes (6 and 8) have greater Φ ∆ values than the peripherally substituted complexes (7 and 9), suggesting that the higher Φ ∆ values of the nonperipherally substituted Pc complexes could be due to the smaller energy gap of the HOMO-LUMO of these complexes than that of the peripherally substituted ones. Water-soluble ionic ZnPcs (8 and 9) produced more singlet oxygen when compared to their corresponding nonionic forms (6 and 7) in DMSO, but the Φ ∆ values in aqueous solution were lower than in DMSO. The lower Φ ∆ values in water than in DMSO could be associated with aggregation behavior of these complexes in water. To better investigate the reason for this impairment, Triton-X 100 was added to the aqueous media to reduce the aggregation. In the presence of this surfactant, the Φ ∆ values of these complexes were higher, suggesting that the reason for the lower Φ ∆ values was the presence of the aggregated Pcs. Especially the values of nonperipherally substituted nonionic/ionic Pc complexes are better than average.
28−31
Photodegradation studies
Degradation of Pcs is identified by decrease in the intensities of the Q-bands during intense light irradiation. A photosensitizer should spend enough time in the body without degradation. On the other hand, it should be expelled from the body after completion of PDT activation in a minimum time in order to prevent side effects.
The Φ d values for the studied zinc(II) phthalocyanine complexes in DMSO (for 6 and 7), water and water + Triton X-100 solutions (for 8 and 9) are given in Table 2 . Slight decreasing of the intensities of the absorption bands during irradiation showed that photodegradation occurred ( Figure 7 for complex 8 as an example). MPc Furthermore, quaternized ZnPc complexes (8 and 9) were more stable in DMSO than in water.
Fluorescence quenching studies by 1,4-benzoquinone (BQ)
The fluorescence quenching of the zinc Pc complexes (6-9) by 1,4-benzoquinone (BQ) in DMSO was found to obey Stern-Volmer kinetics. Fluorescence quenching of MPc complexes by BQ is achieved via excited state electron transfer from the MPc to BQ as the energy of the lowest excited state for quinones is greater than the energy of the excited singlet state of MPc complexes. The K SV and biomolecular quenching constant (K q ) values of the ZnPcs (6-9) are listed in Table 3 .
The K SV values of the tetrasubstituted ZnPc complexes (6-9) are lower than those of unsubstituted ZnPc.
Furthermore, peripheral substituted zinc Pcs (7 and 9) showed higher K SV values than the corresponding nonperipheral substituted ZnPcs (6 and 8) in DMSO. These results can be derived from the steric effect of the substituents on the nonperipheral positions of the phthalocyanine complexes. The observed k q values of the studied ZnPc complexes are similar to the k q values of unsubstituted zinc(II) phthalocyanine complex. Figure 9 shows the changes in the fluorescence emission spectra of BSA with the addition of different amounts of 9 (as an example) in water. The observed results suggest that the studied complexes readily bind to BSA, which demonstrated quenching of the fluorescence emission of BSA with the addition of these complexes. Stern-Volmer quenching constants (K SV ) were determined from the slopes of plots with respect to individual ZnPcs (Figure 10 ), listed in Table 4 . The higher K SV values for 9 indicate that fluorescence quenching of BSA is more effective for complex 9 than for complex 8 in water. This could be due to the steric effect of nonperipheral substituents of zinc(II) phthalocyanine complexes. The bimolecular quenching constants (k q ) were determined for respective zinc(II) phthalocyanines using equation 9 (in supplementary information) and the approximate lifetime of BSA was 10 ns. 34 These k q values are of the order of 10 13 M −1 s −1 , which exceed the proposed value of 10 10 M −1 s −1 for dynamic quenching, indicating that the quenching mechanism in this case is static. 35 The binding constants (k b ) and binding stoichiometry (n) values between the zinc(II) phthalocyanine complexes and BSA were also determined in water. The k b and n values were obtained from the binding plot in Figure 11 and are listed in Table 4 . The slope of the plots gave n values and the intercepts of these plots gave k b values. The k b and n values are typical of MPc-BSA interactions in aqueous solutions.
Interaction of cationic zinc(II) phthalocyanine complexes with BSA
13,34−36
In this experiment, the obtained n values are close to 1, suggesting that the stoichiometric ratio of the ZnPcs and BSA in the formed complex is 1:1. In this paper, we described the synthesis of novel nonperipheral and peripheral tetrasubstituted zinc(II) phthalocyanine complexes bearing 1-benzylpiperidin-4-ol substituents (6 and 7) and their water soluble cationic quaternized complexes (8 and 9). All studied zinc Pc complexes were characterized. The photophysical and photochemical properties of these complexes were also investigated in DMSO for all complexes (6-9) and in aqueous (water or water + Triton X-100) solutions for quaternized cationic complexes (8 and 9). The effects of the position of the substituents and quaternization of these substituents on the photophysical and photochemical parameters of these complexes were reported. The values obtained for these complexes were also compared with those of unsubstituted ZnPc, which is used as standard. The nonionic and ionic zinc(II) Pc complexes were found to be monomeric in DMSO. The quaternized complexes exhibited excellent solubility in water. While the peripherally substituted complexes formed highly aggregated species, the nonperipherally substituted complexes formed mainly monomeric species. Furthermore, the effect of DMSO or water on the photophysical and photochemical properties of the quaternized complexes was also investigated. These studied zinc(II) Pc complexes have high singlet oxygen quantum yields ( Φ ∆ ) in DMSO, ranging from 0.48 to 0.90, which makes them potential photosensitizers to be used in the PDT of cancer. The fluorescence of the tetrasubstituted zinc Pc complexes is effectively quenched by the addition of BQ. Furthermore, this study also presented that the water soluble zinc(II) phthalocyanines strongly bind to blood plasma proteins such as BSA.
Experimental
Synthesis
3-[(1-Benzylpiperidin-4-yl)oxy]phthalonitrile (4)
1-Benzylpiperidin-4-ol (1) 
1(4)
,
2(3), 9(10), 16(17), 23(24)-Tetrakis-[1-benzylpiperidin-4-yl) oxy] phthalocyaninato zinc(II) (7)
The synthetic procedure for compound 6 was used except 4-[(1-benzylpiperidin-4-yl)oxy]phthalonitrile (5) instead of 4 was employed. 
1(4), 8(11), 15(18), 22(23)-Tekrakis-[N-methyl-(1-benzylpiperidin-4-yl) oxyphthalocyaninato] zinc(II) sulfate (8)
Compound 6 (0.06 g, 0.0045 mmol) was heated to 120
• C in dry DMF (3 mL) and a high equivalent amount of dimethylsulfate (0.1 mL) was added to the media. The mixture was stirred at 120
• C for 18 h. After cooling to room temperature, the reaction mixture was precipitated by addition of acetone. The green solid product was filtered and washed with acetone, dichloromethane, ethanol, n-hexane, and diethyl ether. The synthetic procedure for 8 was used except 7 was employed instead of 6. The amounts of the reagents were compound 7 (0.06 g, 0.0045 mmol), excess dimethylsulfate (0.1 mL 4 were prepared and purified by reported procedures.
Equipment
Absorption spectra in the UV-vis region were recorded with a Shimadzu 2101 UV spectrophotometer. Fluorescence excitation and emission spectra were recorded on a Varian
Eclipse spectrofluorometer using 1-cm pathlength cuvettes at room temperature. FT-IR spectra were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer. Positive ion and linear mode MALDI-MS of complexes were obtained in dihydroxybenzoic acid as MALDI matrix using a nitrogen laser accumulating 50 laser shots using a Bruker Microflex LT MALDI-TOF mass spectrometer. 1 H and 13 C NMR spectra were recorded in CDCl 3 solutions on a Varian 500 MHz spectrometer. Elemental analyses were obtained with a Thermo
Finnigan Flash 1112 Instrument. Photo-irradiations were done using a General Electric quartz line lamp (300 W). A 600-nm glass cut-off filter (Intor) and a water filter were used to filter off ultraviolet and infrared radiations, respectively. An interference filter (Intor, 670 nm with a band width of 40 nm) was additionally placed in the light path before the sample. Light intensities were measured with a POWER MAX 5100 (Molectron) power meter.
Photophysical parameters
Fluorescence quantum yields and lifetimes
Fluorescence quantum yields (Φ F ) were determined by the comparative method using Eq. (1).
where F and F Std are the areas under the fluorescence emission curves of the samples (6) (7) (8) (9) and the standard, respectively. A and A Std are the respective absorbances of the samples and standard at the excitation wavelengths, respectively. 
Singlet oxygen quantum yields
Singlet oxygen quantum yield (ΦΔ) determinations were carried out using the experimental set-up described above in the literature. 8, 9 Typically, a 3-mL portion of the respective unsubstituted, nonperipheral, and peripheral tetrasubstituted zinc(II) phthalocyanine (6-9) solutions (C = 1 × 10 -5 M) containing the singlet oxygen quencher was irradiated in the Q band region with the photo-irradiation set-up described in the references. 8, 9 Singlet oxygen quantum yields (Φ Δ ) were determined in air using the relative method with 
where Std Δ Φ is the singlet oxygen quantum yield for the standard unsubstituted ZnPc ( 
Photodegradation quantum yields
Photodegradation quantum yield (Φ d ) determinations were carried out using the experimental set-up described in the literature. 8, 9 Photodegradation quantum yields were determined using Eq. (4),
where C 0 and C t are the sample (6-9) concentrations before and after irradiation, respectively, V is the reaction volume, N A is the Avogadro's constant, S is the irradiated cell area, t is the irradiation time, and I abs is the overlap integral of the radiation source light intensity and the absorption of the samples (6) (7) (8) (9) . A light intensity of 2.25 × 10 16 photons s -1 cm -2 was employed for Φ d determinations.
Fluorescence quenching by 1,4-benzoquinone (BQ)
Fluorescence quenching experiments on the nonperipheral and peripheral tetrasubstituted ZnPc derivatives (6-9) were carried out by the addition of different concentrations of BQ to a fixed concentration of the complexes, and the concentrations of BQ in the resulting mixtures were 0, 0.008, 0.016, 0.024, 0.032, and 0.040 M. The fluorescence spectra of tetrasubstituted ZnPc derivatives (6-9) at each BQ concentration were recorded, and changes in fluorescence intensity related to BQ concentration by the Stern-Volmer equation 13 as shown in Eq. (5): 
and BSA SV k is given by Eq. (9): 
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Figure S1
.
1 H-NMR spectrum of compound 7 in CDCl 3 . Figure S2 . Mass spectra of complex 6 (A), complex 7 (B).
